A
lzheimer's disease (AD) is a neurodegenerative condition responsible for the majority of reported cases of dementia, affecting over 44 million people worldwide (1) (2) (3) (4) (5) (6) . Although the exact nature of this disease has not been defined fully, its onset and progression have been associated with a multitude of factors, including mitochondrial dysfunction, disruption of the endoplasmic reticulum and membrane trafficking, disturbances in protein folding and clearance, and the activation of the inflammatory response (1) (2) (3) (4) (5) (6) . More generally, however, it is clear that AD belongs to a class of protein conformational disorders whose characteristic feature is that specific peptides and proteins misfold and aggregate to form amyloid assemblies (1, 3, 6) . The presence of such aberrant aggregate species generates a cascade of pathological events, leading to the loss of the ability of protein homeostasis mechanisms to preserve normal biological function and to avoid the formation of toxic species (1, 3, 6) .
The appearance of protein aggregates in living systems is increasingly recognized as being common, as growing evidence indicates that proteins are only marginally stable against aggregation in their native states (1, 7) and that the molecular processes that prevent protein aggregation decline with aging (8) (9) (10) (11) (12) . Thus, protein aggregation is emerging as a widespread biological phenomenon, in which hundreds of different proteins can aggregate in aging, stress, or disease (9, (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . To understand why some proteins aggregate whereas others remain soluble, we recently observed that many proteins in the proteome are insufficiently soluble relative to their expression levels (24) . Such proteins are metastable to aggregation as their concentrations exceed their solubilities, that is, they are supersaturated (24) (25) (26) (27) . Upon formation of aggregate seeds by nucleation events, a supersaturated protein will form insoluble deposits until the concentration of its soluble fraction is reduced to match its solubility (24) (25) (26) (27) (28) . We found that the proteins that coaggregate with inclusion bodies, those that aggregate in aging, and those in the major biochemical pathways associated with neurodegenerative diseases tend to be supersaturated (24) . The observation that these metastable proteins appear to be a common feature in aging, stress, and disease prompts the question of whether or not their supersaturation levels are altered in AD. These levels are particularly crucial, as supersaturation represents a major driving force for aggregation (25) . It is thus interesting to ask whether the down-regulation of supersaturated proteins may limit their aggregation in response to compromised protein homeostasis.
In the present study, we examined the experimental information acquired in the last decade about transcriptional changes in AD (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . We aimed specifically to determine the relationship between protein supersaturation and the transcriptional changes that occur during normal aging and in AD. We found that distinct but partially overlapping transcriptional changes take place in aging and AD. Moreover, down-regulated genes generally correspond to metastable proteins at risk for aggregation, as they are supersaturated and encoded by highly expressed genes. Accordingly, the biochemical pathways down-regulated in AD are nearly identical to those previously identified as highly enriched in supersaturated proteins (24) . These changes are also accompanied by a transcriptional down-regulation of certain components of the protein homeostasis network. The down-regulation Significance Alzheimer's disease, the most common cause of dementia, has been associated with a complex transcriptional response. To define the nature of this response, we carried out a comprehensive analysis that reveals a set of differentially expressed genes encoding proteins at risk for aggregation. These results identify a transcriptional signature of Alzheimer's disease consisting of down-regulated genes corresponding to a highly expressed "metastable subproteome" prone to aggregation. Our analysis of this metastable subproteome singles out a small number of biochemical pathways enriched in proteins that are simultaneously supersaturated in control brains and encoded by genes down-regulated in Alzheimer's disease.
of genes corresponding to supersaturated proteins may thus represent a specific mechanism to limit widespread aggregation by regulating cellular concentrations in a compromised protein-folding environment.
Results
Analysis of the Transcriptional Changes in Aging and AD. A longstanding question is whether AD represents an acceleration of the normal aging process or a qualitatively distinct phenomenon. Determining changes in gene expression can offer important insights into this problem. The complications associated with obtaining human tissue samples, however, constrain the extent to which confounding variables such as age, gender, and tissue type can be controlled in a transcriptional analysis of AD. In the present work, the control samples (mean 70.8 ± 16.4 y) are younger than the disease samples (mean 81.1 ± 9.5 y), necessitating the use of techniques to account for these disparities (SI Materials and Methods and Table S1 ).
For the human genes examined in our analysis, we constructed a linear model of expression differences across a range of factors (SI Materials and Methods). We thus obtained the overall median magnitude and statistical significance of expression changes by combining these individual values across different studies. In this analysis, microarray probes were mapped onto UniProt IDs to determine the corresponding protein (SI Materials and Methods). Using this procedure, we determined the transcriptional changes associated with 19,254 genes. An important aspect of this approach is that the effects on gene expression of different factors are considered as additive. Because the occurrence of AD increases with age, Alzheimer's subjects exhibit specific diseaserelated transcriptional changes in addition to those associated with natural aging. We considered a gene to be differentially expressed if it undergoes a change in expression of at least 10% with a Benjamini-Hochberg-corrected P value ≤0.01. We then tested over 18,000 other combinations of thresholds and found our results to be robust to changes in these thresholds (Figs. S1 and S2). In the model used here the aging component is a linear variable, and therefore estimating the magnitude of change requires specifying a range of ages. Because the assumption of linearity is expected to hold best near the average age, we used the change in expression for an age range of approximately two SDs, namely 25 y.
Proteins That Aggregate in AD Correspond to Transcriptionally DownRegulated Genes. We next asked how the transcriptional changes identified in aging and AD might be associated with protein aggregation. First, we considered the set of disease-related amyloid proteins, that is, those annotated as "amyloid" in UniProt, which include those associated with neurodegenerative diseases (24) . On average, we could not detect an overall connection between amyloid proteins and proteins corresponding to differentially expressed genes ( Fig. 1 A and B) . We also note, however, that this analysis does not imply that individual genes in the amyloid class may not have important roles in AD. As an example, the down-regulation of the APP gene (in our analysis by 9.5%, with P =0.011) has been reported in neurons containing neurofibrillary tangles (44) .
We identified, however, a clear signal for another set of proteins associated with AD, namely those that coaggregate with amyloid plaques (13) and neurofibrillary tangles (14) in human autopsy samples as identified by mass spectrometry. Among the proteins that coaggregate with plaques (35%, P = 4.7·10 ) and tangles (41%, P = 1.7·10 −13 ), a disproportionate number correspond to down-regulated genes in AD (Fig. 1A ) in addition to those that are down-regulated during natural aging (Fig. 1C) . Proteins corresponding to genes down-regulated in aging are overrepresented among tangle coaggregators (10%, P = 2.5·10 −3 ) but not plaque coaggregators (4%, P = 1.0) (Fig. 1C) . By contrast, only an insignificant number of genes encoding proteins aggregating in plaques and tangles were observed to be up-regulated in AD (Fig. 1B) or aging (Fig. 1D) .
Metastable Proteins Correspond to Transcriptionally Down-Regulated
Genes in Aging and AD. We next investigated whether the fact that so many proteins that coaggregate with plaques and tangles correspond to genes down-regulated in AD could be a consequence of their metastability to aggregation. We previously observed that these metastable proteins tend to be supersaturated, having concentrations exceeding their solubility limits (24) . Here we calculated the metastability of proteins to aggregation in terms of supersaturation scores (σ u ), which represent the risk of proteins aggregating from their unfolded states (24) . We assessed proteins corresponding to genes down-regulated in AD to be about 8.8-fold (8.8×, P < 2.2·10 −16 ) more metastable than those for which the expression levels of the corresponding genes do not change significantly in disease ( Fig. 2A) . Similarly, we found proteins encoded by genes down-regulated in aging to be more metastable (7.4×, P < 2.2·10 −16 ) than those whose expression does not change (Fig. 2B ). We also found that proteins corresponding to genes up-regulated in AD (1.3×, P = 9.7·10 −13 ) ( Fig. 2A ) and in aging (1.5×, P < 8.8·10 −7 ) (Fig. 2B ) are modestly, but significantly, more metastable than those with unchanged expression in AD. These up-regulated genes are almost exclusively associated with an inflammatory response (Dataset S1). For example, of those genes that encode metastable proteins, the most highly up-regulated gene (123% increase in expression) in AD is alpha-1 antichymotrypsin, which inhibits serine proteases, particularly those active in inflammation (45) .
Despite the fact that only 16% of down-regulated genes are common to aging and AD (Fig. 2D ), in both cases the transcriptional response appears to be associated with metastability to aggregation ( Fig. 2 A-C) . Indeed, we observed a significant overlap (P < 2.2·10 −16 ) between the most metastable proteins (≥95th percentile), proteins corresponding to genes down-regulated in AD, and proteins corresponding to genes down-regulated in aging, as well as between any two of these categories (Fig. 2D) . The proteins that are supersaturated proteins and encoded by genes down-regulated in AD make up a metastable subproteome specific to AD (Dataset S1), which is here referred to as the "metastable subproteome." By contrast, the most transcriptionally up-regulated genes in AD and in aging overlap significantly with each other, but neither group is significantly enriched in genes encoding metastable proteins (Fig. 2E) . As a control, we divided the down-regulated and up-regulated genes into low, medium, and high levels and calculated the supersaturation scores at each of these levels (Fig. 3) . Our results indicated a trend toward increasing levels of supersaturation with increasing levels of down-regulation in AD (Fig. 3A) . This correlation is weaker in aging (Fig. 3C) , and weaker still among up-regulated genes ( Fig. 3  B and D) . The negative correlation between protein supersaturation and gene down-regulation also persists at the individual level for AD, but much less so for aging (Fig. S3) .
Elevated supersaturation scores of differentially expressed genes may result from an easier detection of the differences in highly expressed genes than in genes of low expression. To control for this possibility, however, we excluded low-expression genes from our analysis, finding the median supersaturation of proteins corresponding to differentially expressed genes to be elevated even after this procedure (Fig. S4) . We also tested the robustness of our results against changes in the details of our analysis. We found that our results on the metastability of the proteins corresponding to differentially expressed genes are stable across a wide range of thresholds for defining the groups of up-regulated and down-regulated genes (Figs. S1 and S2), and also against the introduction of Gaussian noise into the supersaturation score (Figs. S5 and S6).
Specific Protein Homeostasis Components Correspond to Genes DownRegulated in AD. As we have discussed above, widespread downregulation of genes corresponding to metastable proteins may represent a general mechanism to maintain protein homeostasis upon aging and AD. An additional transcriptional response, however, may also involve specific components of the protein homeostasis network (8) . Following a recent study that showed an enrichment in genes down-regulated in aging in this network (8), we examined whether or not particular subnetworks in the overall protein homeostasis network correspond to genes particularly down-regulated in aging and AD (Fig. 2F) . We found a significant number of protein homeostasis network genes in the "trafficking" subnetwork to be down-regulated in AD (14%, P = 1.1·10
−2
). We then investigated whether or not the cell is endowed with transcriptional mechanisms to regulate the solubility burden in register with the protein homeostasis capacity. If so, there may be transcriptional regulators that coordinate such a response by modulating protein homeostasis. To determine in particular whether specific transcription factors and histone modifiers are up-regulated or down-regulated in AD and aging, we generated a map of transcriptional regulators and their targets using Encyclopedia of DNA Elements (ENCODE) regulator binding site data (46) . Here we considered a gene to be regulated by a particular transcription factor or histone modifier if the regulator has a binding site at least half of which is within 1,000 bp of the start codon of the gene itself. We identified 23 transcription factors and histone modifiers associated with a significant number of genes down-regulated in AD (Dataset S2), including EGR1 (47), NRF1 (48) , and REST (49) . By contrast, we found only one regulator associated with a significant number of genes down-regulated in aging, the histone modifier EZH2 (Dataset S3). In addition, four regulators were found to be associated with a significant number of genes up-regulated in AD, and none was found to be associated with a significant number of genes upregulated in aging (Datasets S2 and S3). and pathways that we previously found to be supersaturated based on independent data (24, 25) (Fig. 4 and Table S2 ). Remarkably, most of these KEGG pathways fall along a band in which increasing metastability levels correspond to increasing down-regulation (Fig. 4, purple circles) . The overlap between metastable and down-regulated pathways is highly significant (P = 8.7·10
−11
). Among the simultaneously metastable and down-regulated KEGG pathways, we found oxidative phosphorylation (OP), Parkinson's disease (PD), Huntington's disease (HD), Alzheimer's disease, nonalcoholic fatty liver disease (NAFLD), cardiac muscle contraction (CMC), nicotine addiction (NA), GABAergic synapse (GABA), and pathogenic Escherichia coli infection (PEcI). These results reveals pathological (AD, PD, HD, and NAFLD) and functional (OP, CMC, and PEcI) networks and pathways enriched in physiological complexes, as well as pathways involved in neuronal signaling (NA and GABA). In particular, our analysis identified certain proteins in the oxidative phosphorylation pathway as being particularly metastable, including all of the components of the mitochondrial ATP synthase complex for which we have data, consistent with the reported involvement of this complex in AD (51) . In addition, 43% of the genes in our analysis that encode for mitochondrial ATP synthase complex are transcriptionally repressed. The most repressed is the alpha subunit of the F 1 catalytic core (whose expression is reduced by 26% in AD), which has been observed to accumulate in degenerating neurons in AD and to be associated with neurofibrillary tangles (52) . We also verified that, although oxidative phosphorylation is central to the pathways down-regulated in AD, the signal for metastability in AD and aging is robust against the exclusion of proteins in this pathway from our analysis (Fig. S7) .
In this comprehensive analysis of KEGG pathways, we also found other pathways that are significantly enriched in either metastable proteins (Fig. 4, red circles) or in proteins corresponding to down-regulated genes (Fig. 4, blue circles) , but not both (Table  S2) . However, the large majority of these pathways have significance values that are lower than the average jointly metastable and down-regulated pathway (Fig. 4, purple circles) , the exceptions being the "ribosome," which is highly metastable but not downregulated, and the "synaptic vesicle cycle," "proteasome," and "retrograde endocannabinoid signaling," which are downregulated but not metastable. A similar analysis for up-regulated pathways in AD did not provide particularly significant results, although one may expect genes associated with the immune response to be up-regulated, as, for example, complement C1q subcomponent subunit C and plasma protease C1 inhibitor in the "complement and coagulation cascade" pathway.
Thus, the observation that in AD there is a highly specific downregulation of metastable biochemical pathways and networks suggests the presence of a robust transcriptional response to protein aggregation in AD.
Widespread Down-Regulation of the Metastable Subproteome Is Not a General Feature of Disease. Because the genes corresponding to the metastable subproteome are, on average, highly expressed, we considered the possibility that their widespread down-regulation could be a general feature of cellular dysfunction in disease. If this were the case, any process that disrupts normal cellular function could impair transcription, preferentially affecting those genes that are highly expressed. To investigate this possibility, we performed a meta-analysis of expression changes in another cognitive disorder, clinical depression. We considered 470 microarrays, including 239 from control patients and 231 from those with clinical depression (Table S1 ). As with our analysis of AD, we restricted our analysis to brain samples from cases in which the gender and age (for which we controlled) were known and Gene Expression Omnibus (GEO) database series that included at least 10 total cases. Among the 19,190 genes for which we evaluated changes in expression, we found 7 genes down-regulated and 11 genes up-regulated in clinical depression at the thresholds of 10% change in expression and P ≤ 0.01 (Dataset S4). Overall, we did not observe the same widespread transcriptional repression of the metastable subproteome found in AD, and we found no KEGG pathways significantly enriched in proteins corresponding to those genes differentially expressed in AD.
We then considered the possibility that we had only identified a small number of genes as being differentially expressed in clinical depression because of low statistical power. Although our meta-analysis of clinical depression included only 22% as many arrays as that of AD, this is unlikely to explain the fact that only 0.6% as many genes are differentially regulated in clinical depression. In addition, our separate analysis for aging provided a control to assess the statistical power of the clinical depression dataset relative to that for AD. At the thresholds of 10% change in expression and P ≤ 0.01, we found 196 genes down-regulated and 122 genes up-regulated in aging in the clinical depression dataset. This is 23% as many genes as we found differentially regulated in aging based on the AD dataset, consistent with the smaller number of microarrays in the clinical depression analysis. As a further control, we reanalyzed these data after relaxing the significance threshold for differential expression to P ≤ 0.05. At this threshold, we found 24 genes down-regulated and 17 genes up-regulated in clinical depression and 569 genes down-regulated and 291 genes up-regulated in aging (Dataset S4). At the relaxed threshold, the KEGG pathway for "olfactory transduction" was enriched in proteins corresponding both to genes down-regulated (P = 4.5·10 ) and genes up-regulated (P = 4.9·10 −2 ) in clinical depression (Dataset S4). Only "mineral absorption" was enriched in proteins corresponding to genes up-regulated in aging in the clinical depression dataset (Table S2) . We also assessed the overall relationship between metastability and transcriptional regulation, and found little correlation between the two.
Discussion
A major area of investigation into the molecular origins of AD concerns the chemical and physical instability of the proteins associated with the disease, and the mechanisms by which the cell responds to such a situation. A number of studies have reported biophysical features, environmental conditions, and molecular partners that promote or repress the initial aggregation of specific proteins (1, 3, 7, (13) (14) (15) . More recently, it has been recognized that the regulation of many other proteins is disrupted as a consequence of these initial aggregation events (8, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . In a complementary approach, the origins of AD have been studied by analyzing Comparison between down-regulated and metastable biochemical pathways and networks. We found that the biochemical pathways and networks down-regulated in AD correspond closely to those enriched in supersaturated proteins (purple circles). Using the KEGG classification, these biochemical pathways and networks are oxidative phosphorylation, Parkinson's disease, Huntington's disease, Alzheimer's disease, nonalcoholic fatty liver disease, cardiac muscle contraction, nicotine addiction, GABAergic synapse, and pathogenic E. coli infection.
the transcriptional response associated with its onset and progression (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . These studies have revealed that this transcriptional response involves genes corresponding to proteins that can cause the disease and those associated with the cellular processes engaged in combating it (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) .
In the present study, we have brought together these two approaches, finding that the transcriptional changes that occur in AD can be rationalized, at least in part, on the basis of the presence of an AD-specific metastable subproteome at risk for aggregation (Fig. 2) . This metastable subproteome is defined as the overlap between the proteins that are most supersaturated and that correspond to highly expressed genes, and those encoded by genes most transcriptionally down-regulated in AD (Fig. 2D) . These proteins are intrinsically at risk for aggregation and, as we found here, tend to be the target of the transcriptional response in aging and AD. These results are consistent with previous observations that the expression of oxidative phosphorylation genes is suppressed in AD (53, 54) , but suggest in addition that such suppression may be part of a broader response to the disease.
Having previously shown that the proteins associated with AD tend to be metastable to aggregation because they are supersaturated (24, 25) , we have now reported a response to this intrinsic metastability of the proteome in the face of disruptions to protein homeostasis through the transcriptional down-regulation of their respective genes. The close correspondence of the biochemical pathways associated with metastability and those down-regulated in AD (Fig. 4 ) supports this conclusion, as do the tendency for proteins that coaggregate in plaques and tangles to correspond to downregulated genes ( Fig. 1 ) and the high overall metastability level of proteins encoded by down-regulated genes (Fig. 2) . We found these results to be stable against a range of potentially confounding factors, including the choice of thresholds for differential expression (Figs. S1 and S2), noise in the supersaturation score (Figs. S5 and S6) , and the large contribution of oxidative phosphorylation (Fig. S7) .
Analysis of the transcriptional response to the collapse of protein homeostasis in terms of a metastable subproteome at risk for aggregation has also enabled us to address another central question about the progression of AD, namely the way in which changes occurring in this disease are related to the natural process of aging. These results indicate that aging and AD are very different at the transcriptional level, as over three-quarters of the transcriptional changes that occur in AD do not occur in aging (Fig. 2 D and E) . In addition, many cellular processes down-regulated in AD are not significantly down-regulated in aging (Fig. S2) . Although the differences between regulation in aging and AD are profound, there are important commonalities, as shown by the significant overlap in the specific transcriptional changes that occur in AD and in aging (Fig. 3) . AD therefore appears to involve an acceleration in the decline of protein homeostasis associated with aging, and also an extension of its scope and significance. Overall, such an acceleration makes the metastable subproteome that we have identified in this work more susceptible to aggregation. This conclusion offers an explanation of why a transcriptional down-regulation of genes corresponding to metastable proteins is observed in both aging and AD.
We also observe that these phenomena are unlikely to be a general feature of cellular dysfunction. Our results indicate that a different transcriptional response is present in the case of clinical depression (Table S2 and Dataset S4), consistent also with results for epilepsy derived considering the differentially expressed genes in hippocampal samples from five patients with mesial temporal lobe epilepsy with hippocampal sclerosis (55) . In that study, 518 genes were found to be differentially expressed between the subjects. Functional enrichment using the Database for Annotation, Visualization and Integrated Discovery (DAVID, https://david. ncifcrf.gov/) showed enrichment for KEGG pathways associated with neuroactive ligand receptor interaction, drug metabolism, and cytokine interaction, among others. The KEGG pathways of oxidative phosphorylation and of Alzheimer's, Parkinson's, and Huntington's diseases were not, however, seen in epilepsy.
The findings that we have reported here, therefore, suggest that the widespread down-regulation of genes corresponding to metastable proteins at risk for aggregation may represent an important aspect of the strategy for cellular regulation in the face of disruptions in protein homeostasis. More generally, understanding the physicochemical implications of transcriptional regulation in aging, AD, and other protein-misfolding disorders has important implications both for a fundamental biological understanding of the origins of the disease and for clinical practice. Because the maintenance of protein homeostasis is an essential function in the cell, determining how the overall proteome composition is managed and modulated is a central question in biology. At the same time, understanding endogenous strategies for handling supersaturated, metastable, and potentially misfolding proteins may provide an avenue for improved therapies. If widespread aggregation is associated with AD, then determining how to regulate this phenomenon is of great value and practical importance.
Conclusions
We have shown that AD is associated with the transcriptional regulation of a metastable subproteome at risk for aggregation. The presence of these poorly soluble proteins in the cellular environment is inherently dangerous, in particular because these proteins tend to cluster into specific biochemical pathways, and only limited molecular chaperones and other protective resources are available at any given time to prevent their misfolding and aggregation. In conjunction with emerging insights into the molecular chaperone functions and the regulation of protein translation and degradation, our results indicate that the study of protein metastability may clarify how failures in maintaining proteins in their normal functional states could result in protein aggregation and in multifactorial disorders such as AD.
Despite the great complexity of aging processes and neurodegenerative disorders, protein solubility may underlie many aspects of their resultant cellular dysfunction. In this work, we have adopted this idea to investigate how the levels of poorly soluble proteins are regulated, finding that the overall transcriptional response to AD is associated with a global downregulation of the expression of the genes encoding proteins that are metastable to aggregation. We anticipate that interventions that target the metastable subproteome at risk for aggregation that we have identified in this work may provide novel opportunities for the early diagnosis and treatment of AD.
Materials and Methods
The method of array normalization, construction of the linear model, and determination of significance and magnitude values are described in SI Materials and Methods. The calculation of basal expression levels for supersaturation scores and the sensitivity analysis are also described in SI Materials and Methods. The multiple hypothesis correction, KEGG analysis, and transcription factor analysis are described in SI Materials and Methods.
